The confined etchant layer technique (CELT) has been proved not only an effective electrochemical microstructures fabrication method, but also a potential polishing method due to its distance sensitiveness. To verify its 52 Y. Cao et al. polishing capability in motion mode and examine the influence of motion parameters on polishing efficiency and material removal rate, motion coupling confined etchant layer technique (MCCELT) polishing experiments were carried out on n-GaAs wafers by adopting central composite inscribe (CCI) design of response surface methodology. Furthermore, the interactions between motion, electrochemical reaction and substrate deformation were analysed using multi-physics coupling finite element simulations. Statistical model shows that sample surface roughness decreases with the decreases of working distance (between the electrode and the substrate) and feeding velocity, and indicates it still has potential to reach more smooth results.
This paper is a revised and expanded version of a paper entitled 'Study on non-contact polishing method using motion coupling confined etchant layer technique' presented at The 5th International Conference on Nanomanufacturing, Macau, 15-17 August 2016.
Introduction
With the development of the field of optics and microelectronics technology, the goal of polishing technology is no longer confined to obtain a smoother surface topography, but also requires machining the workpiece with less subsurface damage and defects. For instance, in VLSI fabrication process, the chemical mechanical polishing (CMP) technique is able to achieve ultra-smooth surface (Choi et al., 2004; Das and Saha, 2014) . However, the efficiency of CMP is limited due to the necessity for lower polishing pressure to minimise the surface damage caused by abrasive contact (Zantye et al., 2004) . Recently, research on non-traditional machining technology polishing process has drawn more and more interest. These methods remove the material through melting or dissolution instead of cutting or grinding, which significantly reduce the defects caused by mechanical stresses. Plasma polishing, electrochemical polishing (EP) and abrasive water jet polishing (AWJP) are representative methods which show great potential for hard and brittle materials' polishing (Lv et al., 2015; Park and Lee, 2009; Zhang et al., 2007) Combining ultrasonic assistance, these non-traditional polishing methods are capable for ultra-smooth surface's finishing process on semiconductors, ceramics and other brittle materials.
Confined etchant layer technique (CELT) is an electrochemically induced (or photo induced) chemical etching method proposed by Tian et al. (1992) . It has been reported that CELT is an effective method for fabricating complex three-dimensional microstructures on different kinds of substrates such as Ni, Cu and n-GaAs, etc. (Sugawara et al., 1991; Sahin et al., 2015; Sadeghi et al., 2015) . The precision of chemical etching in CELT is controlled by electrochemical generation of etchant followed by a scavenging reaction, which compress the etchant into a micron-scale (even nanoscale) region around the tool electrode. During the scavenging reaction, the etchant concentration gradient increased significantly and the material removal rate (MRR) is limited into atomic level by its distance-sensitiveness, which indicates the capability for its polishing application. In earlier research, Yuan et al. (2013) verified CELT polishing application on n-GaAs substrates. It has been proved that using plate electrodes in static mode is difficult to achieve uniform result, which is explained by the poor diffusion condition between the substrate and the electrode. For this reason, the motion coupling CELT polishing method was proposed by Fang et al. (2013) .
Motion parameters and factors such as solution proportion and concentration affect the polishing results by changing the distribution of the etchant in solution. It is necessary to verify whether there is coupling effect between these factors. The purpose of this study is to analyse the kinematic coupling mechanism between CELT polishing parameters, and determine the material removal function. To do so, experiments have been conducted to study influence of electrode feed velocity (V), distance between the electrode and workpiece (abbreviate working distance, d), and the processing time (t) on MRR, surface error (SE) and surface roughness (SR) by using response surface methodology (RSM). Meanwhile, a set of dynamic FEM simulation based on moving mesh method were carried out so as to analyse the kinematic coupling mechanism.
Materials and methods

Experiment setup and material
Experimental researches in this paper were conducted on CELT micro/nanofabrication platform developed by our research team as shown in Figure 1 . It composed of two main parts: a four-axis precision motion system and electrochemical power sources system. The motion platform adopts gantry structure. The x-axis and y-axis use air-bearing direct-drive linear stage. Along z-axis, there is a macro-micro driving module consist of stepper motor drive stage and piezo actuator. The c-axis uses air-bearing rotatory stage where the electrolytic cell is placed. Electrochemical power sources system controls and records the electric potential on the tool electrode. During CELT fabrication process, the three-electrode system including a 5 mm wide tool electrode made by 200 μm thick platinum sheet, a counter electrode made by platinum wire and a silver made reference electrode were used. We use pre-polished n-GaAs wafer as the workpiece, Br 2 as the etchant and L-cystine as the scavenger in our process. The SR Ra of the workpiece is 280 nm (±10 nm) while the PV value is about 0.9 μm. Working solution of the present set of experiments is mixture of 100 mM NaBr, 100 mM L-cystine and 1M H 2 SO 4 .
RSM for machining parameters
RSM is a mathematical and statistical technique for modelling and optimising the response influenced by various process variables (Sugawara et al., 1991) . In order to determine the interaction among the electrode feed V, the working distance (d), and the machining time (t) and study their influence on MRR, SE and SR, a second order polynomial response can be fitted into the following equation:
where Y is the response and This experiments were designed on the basis of the central composite inscribe (CCI) design method, in which the factors have five levels (±1 levels, ±α levels and 0 level) within operability region. Here α equals 1.681 according to the principle of rotatability (Khuri and Mukhopadhyay, 2010) . The values of experimental factors for each level are shown in Table 1 . Twenty experimental points including six central points, six axial points and eight full factorial points were designed as shown in Table 2 , and they were conducted in a random order to avoid anthropogenic influences. For each point, we use 5 mm length reciprocating movement during the polishing process.
Simulations
The main chemical reactions in our process are as follows: 2 16Br 8Br 16 
where C and D represent the concentration and diffusion coefficient of species in solution, respectively. K 1 represent the second-order reactive rate constant for the consumption of bromine by RSSR. In order to analyse the diffusion in micro region around the tool electrode, we selected cross-section along the electrode feeding direction to develop a two-dimensional finite element model for material diffusion solution by using COMSOL multi-physics. Moving mesh method (using deformed geometry interface) was introduced in and the coupling calculation for electrode movement, etchant diffusion and substrate etching was achieved for the first time.
Figure 2
The schematic diagram of the geometry used for the CELT simulation (see online version for colours) Figure 2 shows the schematic geometrical diagram of 2D FEM model. The configuration for diffusion boundary condition references the previous model developed by Zhang et al. (2014) . Here, we list the boundary and initial conditions of laminar flow and deformed geometry in Table 3 . It should be noted that the K sub = 3.2E-04 (m/s) is the substrate etching rate coefficient. The M GaAs (144 g/mol) and ρ GaAs (5.44E03 kg/m 3 ) represent the molar mass and density of GaAs respectively.
Table 3
Boundary conditions and initial conditions 
Experiment data and statistical results
Tayler Surf PGI 1,240 surface profiler was used to evaluate the characteristic of polished surface. For each experiment point, a square pit of approximately 5 × 5 mm was formed on the GaAs substrate after CELT polishing process. Three sectional profiles in feeding direction and three profiles in perpendicular direction were measured to obtain the polishing performance results. The MRR, as the ratio of etching depth and time, reflects the efficiency of CELT machining process. PV value was adopted in order to represent the SE of the 5 × 5 mm polished area. Ra value of the bottom surface for each pit was measured representing the polishing performance. The fit summary recommended that the quadratic model is statistically significant for analysis of MRR, PV and linear model for Ra result. The results quadratic and linear models are given in ANOVA Tables 4-6. The model F value indicates the model is significant. Values of 'Probability greater than F' less than 0.05 indicate the corresponding model terms are significant, which means there is only less than 5% chance that the 'F value' this large could occur due to noise. The 'lack of fit F-value' is greater than 0.05 implies the lack of fit is not significant relative to the pure error. Using stepwise elimination process, the insignificant terms were removed for adjustment of the fitted models.
Table 4
The ANOVA 
Ra=+75.036+0.637 V+1.499 d ⋅ ⋅ ( 1 0 ) Figure 3 is the estimated response surface graph for MMR and PV. From the regression equation, it can be found that MMR and PV are influenced by the interaction of V and d and d and t respectively. The Ra value is in linear correlation with V and d so there is no need to plot its response surface. Figure 3 (a) indicates that MRR increases with decrease in feeding velocity, and becomes higher when the working distance (d) is lower. The relation between MRR and d could be explained by the trend of 'concentration-distance (C-d)' curve as the MRR is theoretically proportional to the concentration of etchant. The etchant concentration was nearly in exponential decay trend with the increase in working distance. On the other hand, the negative correlation between MRR and feeding velocity is due to the effect of velocity on etchant diffusion. When the feeding velocity is higher, the thickness of confined etchant layer becomes smaller and the concentration of etchant decreases on the substrate surface. The regression equation also tell us that the effect of processing time on MRR is approximately linear negative correlation, which means the etching will finally stop in the process due to its distance sensitiveness.
Table 5
The ANOVA Cor. total 3.07 Table 6 The ANOVA Equation (9) shows the PV value of the bottom surface in the etched area changes little with feeding velocity in the range of 5~100 (μm/s). As shown in Figure 3 , the PV value increases with the increase of processing time in linear trend, but the ratio depends on the working distance. Figure 4 shows the profiles of the etched surface, where we can find the profiles along feeding direction for high feeding velocity depressed downward in both ends. Generally, the PV value becomes larger in these conditions, meaning the flatness is poor. The regression model for Ra value as shown by equation (10) implies the processing time (t) is the least significant factor for the SR comparing with V and d. In the solution of 100 mM NaBr, 100 mM L-cystine and 1M H 2 SO 4 , the lowest sample Ra result is 104 nm (±15nm) on condition that working distance and feeding velocity were set 2 μm and 52.5 μm/s respectively. And it is clear that polish performance becomes better with lower feed velocity and smaller working distance, which implies the present polishing performance, is still improvable. 
Simulation results and discussion
To explain the 'downward convex' phenomenon in high feeding condition, simulations were performed under the same configuration with actual process. Figure 5 are the comparison graph of etchant diffusion shape in four different positions during the reciprocating polishing process. Here, we defined 'equivalent tool width, W E ' for convenience of explanation. We take the length of substrate region where the etchant concentration is greater than 10 mM as the W E . During the middle part of the feeding path, the supplement of scavenger is strengthened by feeding motion resulting in the shortening of W E . On the other hand, the convection velocity is lower when the electrodes reach the border, which caused the increase of W E in the border positions. In each motion cycle, the etching effect for each position on the substrate is determined by the W E , so it is reasonable that the difference of etching depth between interior and border increase with the increase of feeding velocity, resulting in the poor surface flatness and higher PV value. This effect becomes less significant when the working distance increases. 
Conclusions
In this research, n-GaAs substrates were successfully polished through motion coupling CELT polishing method. Influence of motion parameters on MRR, SE and SR were studied using CCI designed of RSM by conducting 20 experiments for three factors at five levels. The interaction between feeding velocity, working distance and processing time was explained with the assistance of FEM simulation computation. The results obtained are summarised as follows:
1 The MRR is lower with the increase of feeding velocity and working distance in present experiment design space. The etching will finally stop in the process due to its distance sensitiveness.
